INTRODUCTION
============

Amyotrophic lateral sclerosis (ALS) is the third most common neurodegenerative cause of adult death, after Alzheimer's disease and Parkinson's disease, and the lifetime risk of dying from ALS lies between 1/600 and 1/1000 ([@b8-0040686]; [@b34-0040686]). In ALS, the upper motor neurons, which run from the brain to the spinal cord, and the lower motor neurons, which extend from the spinal cord out to the muscles, degenerate, leading inexorably to paralysis and death ([@b8-0040686]; [@b34-0040686]; [@b49-0040686]; [@b67-0040686]). Intellect usually remains largely intact and, despite intensive research, no effective treatment is currently available. ALS usually presents as a focal weakness, with atrophy of muscles in the proximal limbs or body region, and this atrophy progressively spreads to distal muscle groups over time ([@b40-0040686]), with a gradient of loss of motor neurons from the site of onset ([@b39-0040686]).

Up to 10% of ALS is familial (fALS) ([@b13-0040686]), usually autosomal dominant. Mutations in the ubiquitously expressed enzyme superoxide dismutase 1 (SOD1) are causative in up to 23% of fALS ([@b5-0040686]; [@b12-0040686]; [@b43-0040686]) and in up to 3% of sporadic ALS (sALS) ([@b34-0040686]). In addition, a recent paper from Bosco, Brown and colleagues shows that misfolding of both wild-type and mutant SOD1 into a disease-specific and toxic conformer might underlie both fALS and sALS ([@b9-0040686]). Several other genes are known to be causative of classical ALS, although these account for a lower percentage of cases than does mutant *SOD1*; these genes include mutant *FUS* \[fused in sarcoma; also known as translated in liposarcoma (*TLS*)\], *TDP43* (TAR DNA-binding protein 43) and optineurin ([@b14-0040686]; [@b22-0040686]; [@b31-0040686]; [@b34-0040686]; [@b55-0040686]; [@b68-0040686]; [@b69-0040686]), and other genes remain to be found ([@b13-0040686]).

One of the most powerful approaches to understanding ALS and how mutations in ubiquitously expressed genes such as *SOD1* cause neurodegeneration of specific subsets of neurons is to generate mouse models. Typically, an autosomal dominant disorder such as ALS is modelled by transgenic mice. Thus, in 1994, Gurney and colleagues created the *SOD1^G93A^* transgenic mouse line \[Tg(*SOD1*\*G93A)1Gur\], which carries a mutant human *SOD1* cDNA inserted randomly into the mouse genome; this line remains the most widely used model of human ALS ([@b17-0040686]). Several other mutant *SOD1* mouse models now exist that also model ALS; these models all have slightly different pathologies, including time to onset of symptoms and death (e.g. [@b10-0040686]; [@b21-0040686]; [@b33-0040686]).

The *SOD1^G93A^* transgenic mouse has proven to be an invaluable tool for studies of *SOD1* ALS and the toxic gain of function acquired by the mutant protein. These mice carry a causative mutation (a glycine-to-alanine change at residue 93) in an array of ∼25 copies of the human transgene ([@b17-0040686]), which are randomly inserted into mouse chromosome 12 ([@b1-0040686]). This mouse model has an onset of paralysis at ∼90 days, accompanied by degenerative changes to motor neurons that compare well with human ALS pathology ([@b60-0040686]), and death by ∼135 days, depending on genetic background. The *SOD1^G93A^* mouse has been widely used for research ranging from basic molecular cell biology through to extensive drug trials ([@b17-0040686]). This model was the first mutant *SOD1* transgenic produced, and is freely available, which adds to its popularity.

However, although the *SOD1^G93A^* mouse has been a bedrock for ALS research and the most important and well-used model for well over a decade, there is some disquiet about its use because phenotypic features might arise from extreme SOD1 protein overexpression (up to 24-fold of the human protein compared with the endogenous mouse SOD1), rather than being the effect of the SOD1^G93A^ mutation itself ([@b51-0040686]). Indeed, wild-type human *SOD1*-overexpressing transgenic mice have abnormal phenotypes ([@b19-0040686]) -- although, to our knowledge, no effect on motor neurons has been reported. In addition, because *SOD1* lies on human chromosome 21 and therefore is present in three copies in people with Down syndrome, *SOD1* human wild-type overexpressing transgenics have been described as modelling phenotypic aspects of trisomy 21 ([@b3-0040686]; [@b27-0040686]). Furthermore, because the development of therapeutics for human ALS is largely relevant to those with sporadic cases who are not at end-stage, and for those familial cases who are pre-symptomatic, it might be more appropriate for some studies to use a model with a lower mutant SOD1 protein level and less aggressive disease than found in the *SOD1^G93A^* mouse.

The Tg(*SOD1*\*G93A^dl^)1Gur (*SOD1^G93Adl^*; also known as G1del) line seems to have arisen from a deletion in the transgene array of a *SOD1^G93A^* mouse in the breeding colony at the Jackson Laboratory (<http://jaxmice.jax.org/strain/002300.html>). *SOD1^G93Adl^* mice are estimated to carry ∼eight to ten copies of the human *SOD1^G93A^* transgene, and develop paralysis between 24 and 34 weeks of age ([@b2-0040686]). In the United Kingdom, the humane endpoint for these mice is usually defined as the first sign of limb paralysis, or the loss of righting reflex as shown by a failure to right after laying the mouse on its side for 30 seconds, or loss of up to 20% bodyweight from the maximum adult weight; this endpoint is typically reached 2--10 weeks after symptom onset depending on genetic background ([@b2-0040686]; [@b19-0040686]; [@b27-0040686]; [@b32-0040686]; [@b62-0040686]; [@b70-0040686]; [@b71-0040686]).

*SOD1^G93Adl^* mice have been reported to have a number of abnormalities, including gait and movement defects ([@b65-0040686]; [@b74-0040686]), altered axonal transport ([@b44-0040686]; [@b77-0040686]), fragmented Golgi apparatus in motor neurons ([@b56-0040686]), accumulation of mutant SOD1 ([@b36-0040686]; [@b46-0040686]) in swollen and vacuolated mitochondria ([@b19-0040686]; [@b45-0040686]; [@b57-0040686]), neuronal and astrocytic hyaline inclusions ([@b51-0040686]; [@b57-0040686]), loss of some synaptophysin staining ([@b76-0040686]), aberrant staining for parvalbumin and calbindin ([@b47-0040686]), aberrant p75^NTR^ receptor expression in the spinal cord ([@b11-0040686]), aberrant heat shock protein levels ([@b29-0040686]) and transcription factor levels ([@b71-0040686]), and aberrant deposition of TDP43 protein ([@b58-0040686]). These mice model human ALS and have a progressive loss of spinal motor neurons, astro- and microgliosis, degeneration of spinal interneurons, and degeneration of ascending and descending fibre tracks in the spinal cord; mutant SOD1 accumulates in the brain and spinal cord ([@b19-0040686]; [@b62-0040686]; [@b71-0040686]).

In this study we present a comprehensive assessment of the *SOD1^G93Adl^* mouse, and the effects of genetic background on lifespan, motor neuron and muscle function, and pathology. To assess how well this mouse models human ALS, we also undertook longitudinal studies of disease progression in this animal to determine when the first motor deficits in different muscles appear and how weak the mice are at end-stage disease. In addition, because human ALS is thought to start focally and progress to other areas of the motor system, we tried to detect evidence for differential onset or progression between the left or right side of individual animals; we found no focal onset using the methods herein but, interestingly, we did see some asymmetry in motor unit survival in later stages of disease.

ALS research requires a range of different mouse models to understand different aspects of motor neuron degeneration; the *SOD1^G93Adl^* mouse is another excellent model of the human disease and is important to include in our arsenal in the fight to treat this relentless disorder.

RESULTS
=======

Genetic background and gender effects in a SHIRPA screen
--------------------------------------------------------

Male *SOD1^G93Adl^* mice on a C57BL/6J × SJL/J (C57BL/6J-SJL/J) hybrid background were backcrossed for at least three generations into four different inbred lines: C57BL/6J ('B6'; backcrossed to generation N8), BALB/cAnNCrl, C3H/HeH and FVB/J. B6-BALB/c hybrids were also generated by crossing N8 C57BL/6 *SOD1^G93Adl^* males to BALB/c females. Mice of at least backcross N3 were used for all assays shown below except for the C57BL/6J line, where at least N8 mice were assessed.

Our five cohorts of mice (B6, BALB/c, C3H, FVB, B6-BALB/c) underwent SHIRPA analysis, a broadly based phenotypic screen, fortnightly from 12 weeks to at least 32 weeks of age. This test includes assessment of tremors, limb tone and grip strength, which, in the context of these ALS disease models, are taken as signs of motor neuron degeneration. SHIRPA also includes startle response analysis, which is another test that can relate to locomotor deficits. We assayed different cohort sizes of males and females for each strain -- on BALB/c, C3H and FVB backgrounds we analysed five mice or fewer of each sex; because of the low numbers per sex analysed for these strains we only attempted to detect phenotypic sex bias on the B6 and B6-BALB/c strains (nevertheless, phenotype data for all strains broken down by sex is presented in supplementary material Tables S1, S2).

We found that all *SOD1^G93Adl^* mice on the five genetic backgrounds presented with mild tremors, and genetic background significantly affected the age at onset of tremors (*P*\<0.001; [Table 1](#t1-0040686){ref-type="table"}, supplementary material Table S1). Limb-tone, grip-strength and startle-response deficits appeared in the majority of *SOD1^G93Adl^* mice on all genetic backgrounds and, again, age at onset was significantly affected by genetic background (*P*\<0.001; [Fig. 1A](#f1-0040686){ref-type="fig"}, [Table 1](#t1-0040686){ref-type="table"}). We also tested B6 wild-type littermates for comparison and found some effects, such as mild tremors occurring in different percentages of mice as they aged ([Table 1](#t1-0040686){ref-type="table"}). Overall, the B6 and B6-BALB/c cohorts tended to have later ages of onset and tended to have lower percentages of animals affected by individual phenotypes, compared with the BALB/c, C3H or FVB cohorts. All *SOD1^G93Adl^* C3H mice also presented with hind-limb clasping on the SHIRPA wire manoeuvre test by 14 weeks of age, whereas this was only rarely seen in any of the other transgenic *SOD1^G93Adl^* genetic backgrounds.

A breakdown of the data by sex for all cohorts is given in supplementary material Table S1. Sex-matched cohorts were small for BALB/c, C3H and FVB mice, and so we would be unlikely to detect sex differences for these genetic backgrounds. However, greater than six mice per sex per genotype were assessed on the B6 and B6-BALB/c backgrounds, allowing us to detect effects of gender. On the B6 background we found significant effects of gender only for time to onset of moderate tremors (supplementary material Table S1). For the hybrid B6-BALB/c background, the onset of all traits was affected by sex, including tremors, limb tone, grip strength and startle response (supplementary material Table S1). In all but startle response, B6-BALB/c males presented with an earlier age at onset when compared with females.

Time to humane endpoint
-----------------------

The humane endpoint in this study, at which the mice were euthanised, was defined as loss of righting reflex for 30 seconds, or loss of 20% bodyweight, or the first sign of leg paralysis, whichever was reached soonest. We found that the majority of mice (∼92%) had to be culled because of leg paralysis, and most of the rest (∼8%) were culled because they reached 20% weight loss; both groups had identical mean survivals. No mice were culled because they were unable to right themselves. Age at humane endpoint was significantly different (*P*\<0.001) on the different genetic backgrounds. The FVB background showed the shortest mean average time to endpoint, followed by BALB/c, C3H, hybrid B6-BALB/c and finally the B6 background, which presented the longest survival time ([Fig. 1B](#f1-0040686){ref-type="fig"}, [Table 1](#t1-0040686){ref-type="table"}). Pairwise comparisons revealed significant differences (*P*\<0.001) in survival time between the B6 mice and all other backgrounds except the B6-BALB/c hybrid; no significant differences were present between the BALB/c, C3H and FVB lines or between the B6 and hybrid B6-BALB/c backgrounds (supplementary material Table S2). Sex did not affect survival on the B6 background, but it had an effect on the B6-BALB/c background, with females reaching endpoint significantly later than males (supplementary material Table S1).

Disease progression in *SOD1^G93Adl^* mice on the C57BL/6J background
---------------------------------------------------------------------

To gain a more detailed picture of disease progression in *SOD1^G93Adl^* transgenic mice, we focused on the C57BL/6J background, because this is standardly used in many laboratories (although note that we are not using a full congenic strain here).

For grip strength analysis, we found that, compared with the wild-type age- and sex-matched littermates, significant differences occurred in female *SOD1^G93Adl^* B6 mice starting at 24 weeks of age, whereas males did not show significant differences from wild-type littermates until 28 weeks of age ([Fig. 2A,B](#f2-0040686){ref-type="fig"}).

When we compared grip strength data from *SOD1^G93Adl^* B6 males and females, we found that, although grip-strength deficits occurred earlier in females, the rate of deterioration was more aggressive in males, suggesting a more rapid disease progression in males than in females ([Fig. 2A,B](#f2-0040686){ref-type="fig"}). By 30 and 32 weeks of age the difference between *SOD1^G93Adl^* B6 males and females was significant, with males being more severely affected.

*SOD1^G93Adl^* B6 mice and wild-type littermates were tested by the accelerating rotarod ([Fig. 2C,D](#f2-0040686){ref-type="fig"}). Suprisingly, we found no differences between wild-type and transgenic females at any time point, whereas significant differences were seen between males at week 27 and week 33.

As part of our SHIRPA analysis we tested all mice for qualitative startle deficits using a hand-held click-box and found significant differences from wild-type littermates for both male and female *SOD1^G93Adl^* B6 mice ([Fig. 1A](#f1-0040686){ref-type="fig"}, [Fig. 2E](#f2-0040686){ref-type="fig"}, [Table 1](#t1-0040686){ref-type="table"}, supplementary material Table S1). We investigated this further by quantitatively assessing startle response and pre-pulse inhibition (PPI) on wild-type and *SOD1^G93Adl^* B6 littermates at 22 and 29 weeks of age using commercial startle boxes (Med Associates, USA). These ages were chosen because 22 weeks is just after the onset of mild tremors and by 29 weeks the loss of limb tone and grip strength appears on the B6 background. We found a mild quantitative deficit in startle response at 22 weeks of age between wild-type and transgenic mice, with no significant differences between male and female *SOD1^G93Adl^* B6 mice. We went on to test PPI and found no differences between wild-type and transgenic mice at any time point in either sex-averaged or sex-separated data.

###### 

Effects of genetic background on disease onset and time to end-stage in *SOD1^G93Adl^* mice
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![**Behavioural analysis of *SOD1^G93Adl^* on different genetic backgrounds.** (A) SHIRPA analysis. Mice underwent modified SHIRPA once every 2 weeks from 12 weeks of age. Bars represent the average age at onset for tremors, limb tone, grip strength and startle response. Error bars represent s.e.m. Onset of all phenotypes is significantly different (log-rank *P*\<0.001) when comparing between all *SOD1^G93Adl^* transgenic lines. (B) Survival. *SOD1^G93Adl^* mice reach the humane endpoint at different times, depending on genetic background (sex-averaged data; log-rank *P*\<0.001).](DMM007237F1){#f1-0040686}

To determine whether the differences in startle response were due to hearing defects, *SOD1^G93Adl^* B6 mice and their wild-type littermate controls underwent auditory brainstem response analysis. At 22 weeks of age there was no difference between transgenic and non-transgenic littermates for hearing thresholds (only males tested; data not shown). Thus, the deficits in startle response might be due to the elicited motor response to a burst of noise. We note that male high copy number *SOD1^G93A^* transgenics \[Tg(*SOD1*\*G93A)1Gur/J\] also present with startle-response deficits -- at 95 days of age and end-stage -- when compared with wild-type littermates (supplementary material Fig. S1).

Assessment of hindlimb muscle function in *SOD1^G93Adl^* B6 mice at early and late stages of disease
----------------------------------------------------------------------------------------------------

The maximum force produced by the tibialis anterior (TA), extensor digitorum longus (EDL) and soleus muscles was established in both of the hindlimbs of male *SOD1^G93Adl^* B6 mice at early and late stages of disease, as defined by our longitudinal SHIRPA and grip-strength measurements. Isometric force measurements showed that, at early stages of disease (22 and 24 weeks of age), the maximum force produced by these muscles is not significantly different from that produced by the equivalent muscles in wild-type littermates ([Fig. 3](#f3-0040686){ref-type="fig"}). However, in 34-week-old *SOD1^G93Adl^* mice, a late disease stage when obvious motor pathology was observed using behavioural assessment ([Fig. 2](#f2-0040686){ref-type="fig"}), we found a reduction in muscle force in all three muscles examined ([Fig. 3](#f3-0040686){ref-type="fig"}). Thus, by 34 weeks of age the TA muscle of *SOD1^G93Adl^* B6 mice is only capable of exerting ∼70% force of that produced by the TA of wild-type littermates (*P*\<0.001). EDL and soleus muscles were also severely affected in *SOD1^G93Adl^* B6 mice at 34 weeks of age, with a reduction of muscle force of ∼50% in EDL (*P*\<0.001) and a ∼20% soleus (*P*=0.1) compared with wild-type littermates.

We assessed motor unit survival in *SOD1^G93Adl^* B6 mice at early stages of disease in order to have a readout of the number of functional motor neurons that survive and innervate individual muscles. At 22 weeks, there is no significant difference in the number of motor units innervating EDL and soleus muscles of wild-type and *SOD1^G93Adl^* B6 littermates, indicating that, at this stage, there has been no loss of functional motor units ([Fig. 4A](#f4-0040686){ref-type="fig"}). However, although muscle force is still maintained in all muscle types investigated, in 24-week-old *SOD1^G93Adl^* B6 mice there was a significant reduction (*P*\<0.001) in the number of motor units that innervate the EDL muscle, compared with wild type ([Fig. 4B](#f4-0040686){ref-type="fig"}). Thus, even at this early stage of disease, 30% of motor units innervating the wild-type EDL muscle have already died in *SOD1^G93Adl^* B6 mice. By contrast, there was no loss of motor units in the soleus muscle of 24-week-old *SOD1^G93Adl^* B6 mice ([Fig. 4B](#f4-0040686){ref-type="fig"}).

By 34 weeks of age, all three muscles were affected by disease in *SOD1^G93Adl^* B6 mice, with a clear difference in the vulnerability of different muscle types: fast twitch muscles such as the TA and EDL were more severely affected than muscles such as the soleus, which are composed largely of slow twitch fibres. The reduction in muscle force observed in muscles of 34-week-old mice was reflected by a significant reduction in motor unit survival in both EDL and soleus muscles; however, compared with wild-type littermates, ∼50% of motor units had died in the EDL, whereas ∼65% of motor units in the soleus had died (*P*\<0.001 for both muscles; [Fig. 4B](#f4-0040686){ref-type="fig"}).

Motor neuron survival in *SOD1^G93Adl^* B6 mice at early and late stages of disease
-----------------------------------------------------------------------------------

Following physiological assessment of muscle function, all experimental mice were perfused, and their spinal cords removed, sectioned and stained for Nissl. The number of surviving motor neurons present in the sciatic motor pool in the lumbar spinal cord was established. In 22-week-old *SOD1^G93Adl^* B6 mice, which show no deficits in muscle function, there was a small decrease in motor neuron survival compared with control wild-type littermates, although this did not reach significance ([Fig. 4C](#f4-0040686){ref-type="fig"}). By 24 weeks, at which point we observed a reduction in motor unit survival but no loss of muscle force, there was a significant decrease in motor neuron survival compared with wild-type littermate controls (*P*\<0.05). By 34 weeks, the number of surviving *SOD1^G93Adl^* motor neurons was dramatically reduced (*P*\<0.001). Thus, in *SOD1^G93Adl^* B6 mice there is a 40% reduction in motor neuron survival at 24 weeks and a 60% reduction by 34 weeks compared with wild-type littermates ([Fig. 4C](#f4-0040686){ref-type="fig"}).

![**Grip-strength, startle-response and rotarod analysis of *SOD1^G93Adl^* B6 mice.** (A) Female grip strength. At least five females per genotype were assessed for every time point except for week 20, when two *SOD1^G93Adl^* B6 females were assessed. Grip strength deteriorates in *SOD1^G93Adl^* females compared with wild-type littermates, with differences starting to appear from 24 weeks of age (ANOVA; 24 weeks: *P*=0.006; 26 weeks: *P*=0.073; 28 weeks: *P*=0.007; 30 weeks: *P*=0.001 and 32 weeks: *P*=0.003). The figure represents the average plus 2 s.e.m. per genotype and time point. (B) Male grip strength. At least five males per genotype were assessed for each time point except for week 20, when four wild-type males were assessed. Grip strength rapidly deteriorates in *SOD1^G93Adl^* males compared with wild-type littermates from 28 weeks of age (ANOVA; 28 weeks: *P*=0.005; 30 and 32 weeks: *P*\<0.001). The figure represents the average plus 2 s.e.m. per genotype and time point. By 30 weeks of age the difference between grip strength of *SOD1^G93Adl^* B6 males and females is significant (*P*=0.020), as it is by 32 weeks of age (*P*=0.001). (C) Female rotarod. At least five females per genotype were assessed for each time point. No statistically significant differences in latency to fall were detected at any time point. The figure represents the average plus 2 s.e.m. per genotype and time point. (D) Male rotarod. At least five males per genotype were assessed for each time point. Rotarod performances deteriorate in *SOD1^G93Adl^* B6 males when compared with littermate controls, with significant differences appearing at 27 weeks (*P*=0.039) and 33 weeks (*P*=0.009) of age. The figure represents the average plus 2 s.e.m. per genotype and time point. (E) Startle response. 20 (8 females, 12 males) littermate controls and 13 (7 females, 6 males) *SOD1^G93Adl^* B6 mice were tested at 22 weeks of age (sex-averaged difference between wild types and *SOD1^G93Adl^* B6 littermates, *P*=0.011; females only *P*=0.025; males only *P*=0.232). Data are presented pooled by sex because no sex bias for any genotype was detected. Deficits on startle response were confirmed at 29 weeks of age (*P*=0.002, males only tested; data not shown). No differences are found in PPI (data not shown). Bars represent the average startle response per genotype. Error bars represent 2 s.e.m.](DMM007237F2){#f2-0040686}

Assessing asymmetry in motor unit survival during disease progression
---------------------------------------------------------------------

Because the clinical presentation of ALS is frequently focal and asymmetric between the left and right hands and/or legs at the time of diagnosis, we also examined whether there are signs of this asymmetry in the *SOD1^G93Adl^* B6 mouse at the age of onset or during disease progression. The number of motor units in a given muscle gives a direct readout on the functionality of spinal motor neurons. Functional motor units are among the first affected in neuromuscular diseases and cannot be masked by compensatory mechanisms such as axonal sprouting and reinnervation that can preserve muscle-force production even when motor neurons are already lost.

As a measure of motor neuron function on each side of the spinal cord, the number of motor units was established in both of the hindlimbs for the EDL and soleus muscles of wild-type and *SOD1^G93Adl^* B6 mice at 22, 24 and 34 weeks of age. Then, for each animal, we determined the ratio of 'the number of motor units on the side with the lowest counts' over 'the number of motor units on the side with the highest counts'. This ratio gives an indication of the difference in motor unit survival in EDL and soleus muscles between the two hindlimbs. A motor unit ratio of 1 indicates that both sides contained an equal number of motor units, and decreases in this ratio indicate an increasing difference between the two hindlimbs. The results are summarised in [Fig. 4D](#f4-0040686){ref-type="fig"}. In wild-type animals motor unit ratios for both the EDL and soleus muscles are close to 1.0, indicating that there are no significant differences present between either sides. This symmetry in motor unit numbers is largely maintained in young *SOD1^G93Adl^* B6 mice, so that there were no significant differences between sides in either the EDL or soleus muscles at 22 and 24 weeks of age. However, at a late stage of disease, we observed some asymmetry in motor unit survival in EDL muscles of *SOD1^G93Adl^* B6 mice, so that EDL muscles on the more affected side contained only 80% of the motor units that were present in the less affected side (*P*=0.008).

Muscle pathology in *SOD1^G93Adl^* B6 mice
------------------------------------------

Progressive muscle pathology in *SOD1^G93Adl^* B6 mice also manifested as a change in the fatigue characteristics of EDL and soleus muscles. Fast twitch muscles such as the TA and EDL cannot normally maintain force when repeatedly stimulated and fatigue rapidly. This can be represented quantitatively by calculating a fatigue index (FI), in which the force produced at the end of a 3-minute period of stimulation is expressed as a ratio of the initial force produced; an FI approaching 1.0 indicates that a muscle is completely fatigue resistant. Thus, in wild-type mice, fast twitch muscles such as the TA and EDL have a low FI and slow twitch muscles such as the soleus have a higher FI ([Fig. 5](#f5-0040686){ref-type="fig"}). However, in *SOD1^G93Adl^* B6 mice these muscle-specific fatigue characteristics change with disease progression. During the early stages of disease, at 22 and 24 weeks, the fatigue characteristics of both the EDL and soleus muscles remain unaltered in *SOD1^G93Adl^* mice but, by 34 weeks of age, there is a clear change in the fatigability of these muscles, with an increase in their fatigue resistance, reflected by a higher FI. Thus, wild-type littermate EDL and soleus muscles have an FI of 0.17±0.03 and 0.44±0.07, respectively, reflecting the differences in their fatigue resistance and muscle fibre phenotype, with soleus, a slow twitch muscle, being more fatigue resistant than the fast twitch EDL. In *SOD1^G93Adl^* B6 mice at 34 weeks, both muscles were more fatigue resistant than that of wild-type littermates, and the EDL had an FI of 0.37±0.05 (*P*=0.007) and soleus an FI of 0.62±0.02 (*P*=0.08, not significant; [Fig. 5](#f5-0040686){ref-type="fig"}).

![**Assessment of hindlimb muscle force production.** (A) Characteristic traces obtained from TA muscles of wild-type mice (24--34 weeks of age), and 24-week- and 34-week-old and *SOD1^G93Adl^* B6 mice by stimulating the sciatic nerve by supramaximal single twitch and tetanic stimuli using variable frequencies for tetanic stimulation from 40 to 100 Hz. (B) Summary of tetanic force production by TA muscles in wild-type and *SOD1^G93Adl^* B6 mice at 22, 24 and 34 weeks of age. Maximum tetanic force of TA muscles was 137±12 g (*n*=10) in wild-type mice aged between 24 and 34 weeks, and 130±13 g (*n*=5; *P*=0.09) and 107±11 g (*n*=5; *P*=0.08) in 22- and 24-week old *SOD1^G93Adl^* littermates, respectively. At 34 weeks of age the TA muscle of *SOD1^G93Adl^* mice is only capable of exerting 33.8±5 g force, which is ∼70% less than the 137±12 g force produced by TA in wild-type littermates (\*\**P*\<0.001). (C) Tetanic force production by the EDL and soleus muscles in wild-type and *SOD1^G93Adl^* B6 mice at 22, 24 and 34 weeks of age. The tetanic force of EDL was 30±1.9 g in wild-type mice, and 29.3±2.5 g (*P*=0.09) and 22.2±3.5 g (*P*=0.18) in *SOD1^G93Adl^* littermates at 22 and 24 weeks, respectively. In the soleus, the maximum force was 19±3.5 g in wild-type mice, and 20±1.9 g (*P*=0.24) and 12±4 g (*P*=0.13) in *SOD1^G93Adl^* littermates at 22 and 24 weeks, respectively. By 34 weeks of age, the EDL exerts 14.9±1.8 g force in *SOD1^G93Adl^* mice, compared with 30±1.9 g in wild-type littermates, a reduction of 50% (\*\**P*\<0.001). At 34 weeks of age the soleus muscle in *SOD1^G93Adl^* mice exerts 14.8±2.8 g force, compared with 19±3.5 g in wild-type littermates, which is a reduction of ∼20% (*P*=0.1).](DMM007237F3){#f3-0040686}

We next examined the histochemical properties of the TA and EDL muscles of *SOD1^G93Adl^* B6 mice. Slow oxidative muscle type I fibres stain intensely for succinate dehydrogenase (SDH), whereas lighter staining fibres have a low oxidative capacity and are likely to be fast IIa or IIb fibres. As shown in [Fig. 5A](#f5-0040686){ref-type="fig"} (right panel), the majority of muscle fibres in the centre of the TA muscle of wild-type mice stain darkly for SDH, whereas the fibres in the outer regions of the muscle stain lightly. Surprisingly, despite the relatively minor functional deficits observed in TA muscles at 24 weeks in *SOD1^G93Adl^* B6 mice, staining of these TA muscles for SDH revealed that, even at this early stage, there are subtle alterations compared with the staining pattern observed in wild-type mice -- as can be seen in [Fig. 5](#f5-0040686){ref-type="fig"}, a larger proportion of muscle fibres in the middle region of the muscle stains darkly for SDH compared with wild type. This shift in the staining pattern of TA muscle fibres is even more apparent in 34-week-old *SOD1^G93Adl^* B6 mice, when most of the central region of the TA muscle consists exclusively of darkly stained fibres and lightly stained fibres are only present in the outer region of the TA muscle.

Spinal cord histopathology of *SOD1^G93Adl^* B6 mice, and the appearance of misfolded SOD1 and reactive gliosis
---------------------------------------------------------------------------------------------------------------

Spinal cord sections from *SOD1^G93Adl^* B6 mice at 22, 24 and 34 weeks of age were examined by using immunohistochemistry for the presence of misfolded SOD1 and for signs of astroglial and microglial activation. Staining of *SOD1^G93Adl^* B6 spinal cord for markers of astroglia (GFAP) and microglia (IBA1) revealed evidence of astroglial and microglial activation even at 22 weeks of age, when *SOD1^G93Adl^* mice have no loss of motor force, motor units or motor neurons ([Fig. 6](#f6-0040686){ref-type="fig"}). Expression of GFAP and IBA1 increased with age and, by 34 weeks, there was a widespread expression of GFAP and IBA1 in the spinal cord of *SOD1^G93Adl^* B6 mice, indicating advanced astroglial and microglial reactions ([Fig. 6](#f6-0040686){ref-type="fig"}). Spinal cord sections from *SOD1^G93Adl^* B6 mice at the same ages were also examined for the presence of misfolded SOD1 ([Fig. 6](#f6-0040686){ref-type="fig"}). At 22 weeks of age we could not detect misfolded SOD1 and the pattern of staining was the same as that observed in spinal cord of wild-type littermates. However, just 2 weeks later, at 24 weeks of age, there were clear signs of misfolded SOD1 being present in the spinal cords of *SOD1^G93Adl^* B6 mice and, by 34 weeks, misfolded SOD1 became abundant ([Fig. 6](#f6-0040686){ref-type="fig"}), as shown by staining with the SOD1 exposed dimer interface (SEDI) antibody, which exclusively reacts with misfolded SOD1 ([@b38-0040686]). This change in staining pattern indicates a profound pathology at this stage.

![**Physiological and morphological analysis of motor units and motor neuron survival.** (A) Physiological analysis of the number of motor units innervating EDL muscles of wild-type mice (24--34 weeks of age), and 24- and 34-week-old *SOD1^G93Adl^* B6 mice was undertaken; typical traces are shown. Each twitch trace in the recordings represents a single motor unit. (B) The number of surviving motor units for EDL and soleus muscles in wild-type and *SOD1^G93Adl^* B6 mice at different stages of disease (22, 24 and 34 weeks of age) are summarised. No significant differences are found at 22 weeks of age. At 24 weeks, only 23±1.6 motor units survived in *SOD1^G93Adl^* B6 mice compared with 32.8±0.7 motor units in EDL muscles of wild-type littermates (*P*\<0.001). By 34 weeks, only 14.2±0.9 motor units survived in the EDL muscles of *SOD1^G93Adl^* mice. (C) Morphological assessment of motor neuron survival in the L3-L6 region of the lumbar spinal cord was undertaken and the mean survival of motor neuron in the sciatic motor pool is shown. At 22 weeks of age, wild-type littermates had 439±23 motor neurons in the sciatic motor pool compared with 362±12 in 22-week-old *SOD1^G93Adl^* mice (*P*=0.571). By 24 weeks there was a significant decrease in motor neuron survival compared with wild-type littermate controls, and only 264±12 motor neurons survived in the *SOD1^G93Adl^* sciatic motor pool (*P*\<0.05). By 34 weeks, the number of *SOD1^G93Adl^* surviving motor neurons was dramatically reduced and only 185±5.6 motor neurons were present in the sciatic motor pool (*P*\<0.001). (D) Analysis of asymmetry in the number of surviving motor units between two sides in each animal is summarised. For each mouse, a ratio of the number of motor units in the weaker side over that on the stronger side was generated and compared with the wild-type group. \**P*\<0.05; \*\**P*\<0.001.](DMM007237F4){#f4-0040686}

Immunogold labelling transmission electron microscopy
-----------------------------------------------------

Spinal cord sections from end-stage *SOD1^G93Adl^* B6 mice at 39 weeks of age were examined using immunogold labelling for SOD1 and TDP43 followed by transmission electron microscopy (TEM) analysis. Low levels of anti-SOD1 labelling were consistently observed within axonal profiles of wild-type littermate control mice ([Fig. 7A](#f7-0040686){ref-type="fig"}), but levels of anti-SOD1 labelling were much higher in the *SOD1^G93Adl^* B6 mice and labelling was commonly seen as fibrillar accumulations ([Fig. 7B](#f7-0040686){ref-type="fig"}) or, very occasionally, as very dense aggregates within the axons ([Fig. 7C](#f7-0040686){ref-type="fig"}). In the *SOD1^G93Adl^* B6 mice, spherical cytoplasmic inclusions of around 2--3 μm diameter, again fibrillar in nature, were quite common ([Fig. 7D](#f7-0040686){ref-type="fig"}); no such inclusions were found in wild-type littermates. Examination of sections labelled for TDP43 showed the expected localisation to euchromatin regions within nuclei, as previously described in normal human brain neurons ([@b64-0040686]). Levels of labelling elsewhere were low, and the examination of serial sections of *SOD1^G93Adl^* B6 mice single-labelled for SOD1 and TDP43 revealed no association of TDP43 with SOD1-positive regions (e.g. [Fig. 7E,F](#f7-0040686){ref-type="fig"}).

DISCUSSION
==========

Transgenic mice expressing mutations in the *SOD1* gene have been invaluable tools to investigate disease mechanisms and possible therapeutic applications in ALS. However, failure to translate positive preclinical findings achieved in these mice into positive clinical trials in ALS patients has raised concerns about the relevance of *SOD1* mouse models to ALS (as well as highlighted the need to carry out high-quality clinical trials) ([@b4-0040686]; [@b50-0040686]). This has resulted in an increasing recognition that any disease model has to be thoroughly characterised and standard outcome measures applied in order to obtain reproducible and useful data ([@b28-0040686]). Therefore, in this study we carried out a comprehensive behavioural and physiological analysis of the *SOD1^G93Adl^* mouse, which is less widely used in ALS research than the 'high-copy' SOD1*^G93A^* mouse, in order to add to the standardised data available for this model and provide baseline information to help further its use in ALS research and therapeutic trials.

![**Muscle pathology in *SOD1^G93Adl^* B6 mice.** (A) Characteristic fatigue traces from 24- to 34-week-old wild-type and *SOD1^G93Adl^* mice, generated by tetanic stimulation of the fast EDL muscle over 180 seconds are shown on the left panels. Each tetanic contraction during this time is represented by a single line in the trace and the length of the line is relative to the force produced. The length of the force trace at *F*~t180~ (time = 180 seconds) as a ratio of that at *F*~t0~ gives a fatigue index (FI), i.e. FI=*F*~t180~/*F*~t0~. Wild-type mice lose a large proportion of force at the end of the 180-second stimulation period compared with the beginning of the trace; thus, wild-type muscles have a low FI. By contrast, in old *SOD1^G93Adl^* mice, the EDL muscle is less fatigable and this is indicated by the higher FI. On the right of each trace is a cross-section of the TA muscle obtained from wild-type mice, and 24- and 34-week-old *SOD1^G93Adl^* mice, stained for SDH. In the TA muscle there is a characteristic pattern of SDH staining, with the presence of darkly stained, oxidative type 1 fibres in the centre of the muscle and lightly stained, less oxidative and more likely to be fast type II fibres towards the outer regions of the muscle. Compared with wild-type mice, SDH staining in 24-week-old *SOD1^G93Adl^* mice shows that a large area in the centre of the muscle stains darkly for SDH, with a smaller outer region of the muscle staining lighter, indicating a transformation of a subset of muscle fibres into a slower phenotype. This transformation is even more apparent at 34 weeks in *SOD1^G93Adl^* mice. (B) Summary of FI in EDL and soleus muscles of wild-type *and SOD1^G93Adl^* B6 mice at different stages of disease, showing a functional consequence of the muscle fibre type shift shown in A. Wild-type littermate EDL and soleus muscles have an FI of 0.17±0.03 and 0.44±0.07, respectively. In *SOD1^G93Adl^* B6 mice at 34 weeks, both muscles are more fatigue resistant than that of wild-type littermates, and EDL has an FI of 0.37±0.05 (*P*=0.007) and soleus an FI of 0.62±0.02 (not significant; *P*=0.08). \**P*\<0.05.](DMM007237F5){#f5-0040686}

We have characterised the effects of genetic background and gender on a range of quantifiable behaviours and time to humane endpoint in the *SOD1^G93Adl^* mouse. We crossed the 'low-copy' transgene array onto five different backgrounds and determined that, although all animals tended to have similar phenotypic features (for example, tremors, grip-strength deficits), these occurred at different times in different percentages of mice, depending on the background inbred line. Overall, the C57BL/6J background delayed phenotype onset. Similarly, this background increased mean survival, which is in agreement with previous comparisons of the effects of C57BL/6, SJL/J and a hybrid C57BL/6-SJL/L background on *SOD1^G93Adl^* mice ([@b18-0040686]) and on *SOD1^G93A^* mice ([@b74-0040686]). No differences in survival were found when comparing the C57BL/6J strain with the hybrid C57BL/6J-BALB/c line; this, together with the fact that no differences were found in survival between the FVB, C3H and BALB/c strains, suggests that the C57BL/6J genome carries modifier genes that act dominantly in delaying mutant *SOD1*-induced disease. Differences on average lifespan between the two most extreme lines, FVB and C57BL/6J, represent around 25% of the average lifespan of the C57BL/6J strain, highlighting the importance of taking the genetic background of this mutation into account, and highlighting that the loci responsible might be points for therapeutic intervention.

Neither the study of Heiman-Patterson and colleagues ([@b18-0040686]), nor our study here found sex differences in time to endpoint on the C57BL/6J background. However, we did find sex differences on time to endpoint on the hybrid C57BL/6J-BALB/c strain. Moreover, gender did affect the onset of phenotypes in our C57BL/6J and C57BL/6J-BALB/c hybrid lines, with males being generally affected by a more aggressive form of disease, which concurs with similar findings from studies looking at the effects of gender and exercise in *SOD1^G93A^* and *SOD1^G93Adl^* mice ([@b70-0040686]).

As part of our behavioural study, we tested acoustic startle response in symptomatic *SOD1^G93Adl^* mice and their wild-type littermates, and found a significant difference, with the transgenic animals having an impaired response, although this was not affected by gender. This is in agreement with our data on the high-copy *SOD1^G93A^* transgenic mice, which also present with early startle-response deficits. We have shown that aberrant startle response is not due to hearing deficits in at least the male mice under test and so presumably is an indicator of underlying motor deficits. However, we did not detect deficits in pre-pulse inhibition. Thus, startle-response deficits could potentially be used as an early quantitative behavioural test in preclinical trials involving both high and low-copy *SOD1^G93A^* transgenic mice.

![**Glial reactions and the presence of misfolded SOD1 in *SOD1^G93Adl^* B6 spinal cord.** Lumbar spinal cord sections from wild-type and *SOD1^G93Adl^* B6 mice at 22, 24 and 34 weeks were stained for markers that indicate pathology, such as GFAP (astrogliosis; top row, red), IBA1 (microglia; middle row, red) and using the SEDI antibody (DAB staining; bottom row). Wild-type spinal cord sections showed weak but specific immunoreactivity for both GFAP and IBA1; immunoreactivity for these markers was much stronger in *SOD1^G93Adl^* spinal cord even as early as 22 weeks of age, indicating the presence of glial activation. Misfolding of mutant SOD1 protein is also clearly detectable at 24 weeks using the SEDI antibody. Green staining in the top and middle row shows the localisation of neuronal cells (β-tubulin stain). Scale bars: 100 μm.](DMM007237F6){#f6-0040686}

Our assessment of muscle function through studying the TA, EDL and soleus muscles showed the expected drop-off in function between early and late disease stages (22 weeks and 34 weeks, respectively). However, our study of motor unit number highlighted the differential vulnerability of these muscles and showed that the fast twitch TA and EDL muscles are more severely affected (earlier effect, greater loss of motor units) than the slow twitch soleus muscle. This selective vulnerability of fast fatigable muscles in ALS is thought to reflect a greater susceptibility of the specific motor neurons that innervate them -- for example, to enhanced endoplasmic reticular stress ([@b35-0040686]; [@b48-0040686]). The characteristics of TA and EDL muscles changed as disease progressed, and they became more fatigue resistant, which is also a feature of human ALS ([@b54-0040686]; [@b61-0040686]). These changes in *SOD1^G93Adl^* mice are in line with our previously published data on the high-copy *SOD1^G93A^* mice, which also develop extensive spinal cord and muscle pathology by late disease stages ([@b24-0040686]; [@b26-0040686]).

We observed significant loss of spinal cord motor neurons and extensive gliosis prior to any loss of motor function at 24 weeks in *SOD1^G93Adl^* B6 mice, which indicates that underlying pathology including protein misfolding is present for a prolonged period prior to the physiological manifestation of disease. Disease progression is slower in these mice than in the high-copy transgenics but, nevertheless, at a comparable later stage of disease (34 weeks), 58% of motor neurons had died compared with more than 70% in the high-copy *SOD1^G93A^* mice (at 120 days). Similar differences in the survival of functional motor units in the two strains of mice were also observed: thus, in *SOD1^G93Adl^* B6 mice at 34 weeks, 55% of motor units are lost compared to ∼70% in the high-copy *SOD1^G93A^* strain ([@b24-0040686]). This loss of functional motor units is very similar to that observed in ALS patients, in whom a 20--50% drop in motor unit numbers within a 4- to 6-month period has been reported ([@b15-0040686]; [@b72-0040686]).

Human ALS is often described as a disorder with a focal onset that spreads from the first site of weakness, and so we assessed the symmetry of disease in *SOD1^G93Adl^* B6 mice. We found no detectable evidence for asymmetry equivalent to a human focal onset by assessing force in EDL or soleus muscles at 22 and 24 weeks of age. However, perhaps surprisingly, we did find a significant difference in motor unit survival between the two hindlimbs in mice with late-stage disease, at 34 weeks of age. Whether this is a stochastic effect or has significance for disease processes remains to be determined. No such asymmetry in motor unit survival was observed in high-copy *SOD1^G93A^* mice at any stage of disease (data not shown).

![**Electron microscopy analysis of *SOD1^G93Adl^* B6 spinal cord.** Immunogold labelling TEM with anti-SOD1 (A-E) and anti-TDP43 (F) of wild-type littermate and *SOD1^G93Adl^* B6 spinal cord lumbar regions. (A) An axonal profile of a wild-type littermate control mouse, showing the typically low levels of anti-SOD1 labelling. (B) An axonal profile of a *SOD1^G93Adl^* B6 mouse showing the typically heavier levels of anti-SOD1 labelling. (C) An axonal profile of a *SOD1^G93Adl^* B6 mouse containing very dense aggregates that are heavily labelled for SOD1. (D) A cytoplasmic SOD1-positive inclusion with a fibrillar appearance in a *SOD1^G93Adl^* B6 mouse. (E,F) Serial sections of a *SOD1^G93Adl^* B6 spinal cord single-labelled for SOD1 (E) and TDP43 (F), showing the same inclusion that is both SOD1 positive and TDP43 negative. Scale bars: 0.2 μm (A,D); 0.5 μm (B,C,E,F).](DMM007237F7){#f7-0040686}

Our histopathological study of *SOD1^G93Adl^* B6 spinal cord revealed early signs of astroglial and microglial activation, before the appearance of aberrant phenotypes. However, although the disease process is well underway by 22 weeks of age, we could not detect deposition of misfolded mutant SOD1 protein at this stage. However, just 2 weeks later, misfolded SOD1 could be detected in the spinal cord and so it is possible that the disease process might accelerate from this stage onwards. TEM of end-stage (39 weeks of age) *SOD1^G93Adl^* B6 axons detected fibrillary accumulations of SOD1 and rare dense aggregates. Spherical fibrillary inclusions that labelled with SOD1 were found in the cytoplasm. In agreement with Turner and co-workers, who used high-copy *SOD1^G93A^* mice ([@b15-0040686]; [@b66-0040686]; [@b72-0040686]), we found no evidence of colocalisation of TDP43 with SOD1 using single immunogold labelled serial sections followed by TEM. Moreover, TDP43 protein remained mainly nuclear in end-stage B6 *SOD1^G93Adl^* mice, with little evidence of cytoplasmic mislocalisation. A previous report by Sumi and co-workers ([@b58-0040686]) reported low levels of TDP43 aggregates and TDP43 and SOD1 colocalisation by co-immunofluorescence in end-stage B6-SJL *SOD1^G93Adl^* mice. We were not able to reproduce these findings using end-stage B6 *SOD1^G93Adl^* mice, perhaps owing to the different techniques applied or variations in disease pathology from the different genetic backgrounds used in both studies.

Several other groups have looked at specific areas of pathology in *SOD1^G93Adl^* mice: Jaarsma and colleagues have documented brain pathology in *SOD1^G93Adl^* mice compared with mice expressing neuron-specific mutant SOD1 ([@b20-0040686]); Son et al. have studied cytochrome *c* oxidase deficiency in *SOD1^G93Adl^* transgenics crossed to mice expressing the copper chaperone for SOD1 ([@b53-0040686]); Sasaki and colleagues, and Puttaparthi and colleagues, have carried out structural and other studies of spinal cord aggregates ([@b36-0040686]; [@b46-0040686]; [@b53-0040686]).

This strain has also been crossed to other mouse mutants to look for loci affecting disease progression. These studies include assessing the effects of the proteins SOD2/MnSOD ([@b32-0040686]), bicaudal D2 (which affects dynein-dynactin function) ([@b62-0040686]), LMP2 (involved in immune-proteasome function) ([@b37-0040686]), hepatocyte growth factor ([@b23-0040686]; [@b59-0040686]), BAX ([@b16-0040686]) and a microRNA that modulates the phenotype ([@b73-0040686]; [@b75-0040686]). These mice have also been crossed to animals expressing RNAi constructs to assess the therapeutic effects of this approach ([@b75-0040686]). Other studies with this animal have been carried out to assess conventional therapies, including creatine supplementation and riluzole treatment ([@b52-0040686]).

There is a small but increasing body of literature from groups working with *SOD1^G93Adl^* animals that shows that these mice are an important model for understanding early-stage pathological mechanisms and for testing therapies, both conventional and gene-therapy-based approaches, designed to tackle early-stage disease. Although mouse models are not perfect models of late-onset human disorders, such as ALS, they are clearly irreplaceable for both understanding genetic and cellular pathology, and as resources for finding and testing therapeutic strategies. *SOD1^G93Adl^* mice exist because of a fortuitous partial deletion of the transgene array, and succumb to a relatively rapid neurodegenerative disease in the last third of their lives, although disease progression is not as rapid as that observed in the high-copy *SOD1^G93A^* strain. This more gradual disease progression in *SOD1^G93Adl^* mice offers the opportunity not only to examine the very early stages of pathology, but also provides a longer therapeutic window in which the potential beneficial effects of novel agents might manifest. These mice seem to model human ALS well, including the progressive muscle weakness, motor neuron loss and protein deposition, and they provide us with another essential tool for understanding and ultimately treating human ALS.

METHODS
=======

Mice
----

All experiments were performed under Licence from, and in agreement with, UK Home Office Regulations.

Male *SOD1^G93Adl^* mice on a hybrid C57BL/6J-SJL/J background were backcrossed for at least three generations onto C3H/HeH, FVB/J and BALB/cAnNCrl, and for at least eight generations onto C57BL/6J. To produce the hybrid C57BL/6J-BALB/c line, N8 C57BL/6J *SOD1^G93Adl^* males were backcrossed to BALB/cAnNCrl females. At least five mice per strain of generation N3 or later were tested for transgene copy number variation with no significant differences obtained (data not shown).

Experiments were performed blind to genotype. The humane endpoint was defined as first sign of limb paralysis, or loss of 20% body weight, or loss of the righting reflex for more than 30 seconds, whichever was reached soonest. Mice were checked daily for signs of paralysis and weighed weekly.

Behavioural analysis
--------------------

SHIRPA methods are as described previously ([@b41-0040686]; [@b42-0040686]). Briefly, tremors were assessed qualitatively by observation in a viewing jar and recorded as no tremors (0), mild tremors (1) and moderate tremors (2). Limb-tone was assessed qualitatively by applying mild pressure to the hindlimbs of immobilised mice and response recorded as normal (2), poor (1) or none (0). Mice were subject to modified SHIRPA analysis every 2 weeks from 12 weeks of age. Cohort sizes of *SOD1^G93Adl^* mice for SHIRPA and survival analysis were: C57BL/6J, 11 females, 15 males; BALB/c, 3 females, 3 males; C3H, 4 females, 2 males; FVB, 5 females, 3 males; and B6-BALB/c, 9 females, 6 males. Wild-type littermate controls (ten females, nine males) from the C57BL/6J background were used as controls for the *SOD1^G93Adl^* B6 line. We used wild-type littermates and not wild-type SOD1 overexpressors as controls for the *SOD1^G93Adl^* B6 strain because the SOD1 protein expression levels of the available wild-type SOD1 overexpressor line have been reported to be around three times higher than that from *SOD1^G93Adl^* mice ([@b21-0040686]).

*SOD1^G93Adl^* B6 mice were subject to quantitative grip-strength assessment using a commercial apparatus (BioSeb, Chaville, France). Four-paw grip strength was measured following the manufacturer's instructions. Measurements were taken twice per week every 2 weeks from 12 to 32 weeks of age, except for at 20 weeks of age, when no measurements were taken. The average of both measurements per time point was used per animal to obtain means per genotype for every time point. Cohort sizes for females per time point were: 12 weeks, 5 wild type and 5 *SOD1^G93Adl^*; 14, 16, 18, 22, 24 and 26 weeks, 12 wild type and 7 *SOD1^G93Adl^*; 28 and 30 weeks, 12 wild type and 6 *SOD1^G93Adl^*; and 32 weeks, 5 wild type and 5 *SOD1^G93Adl^*. The numbers of males used per time point were: 12 weeks, 5 wild type and 7 *SOD1^G93Adl^*; 14, 16, 18, 22, 24 and 26 weeks, 9 wild type and 12 *SOD1^G93Adl^*; 28 and 30 weeks, 9 wild type and 8 *SOD1^G93Adl^*; 32 weeks, 5 wild type and 7 *SOD1^G93Adl^*.

The acoustic startle response is characterised by an exaggerated flinching response to an unexpected auditory stimulus. This response can generally be attenuated when it is preceded by a weaker stimulus, the principle underlying PPI. A commercial apparatus (Med Associates, VE) was used according to the manufacturer's instructions; methods are described in Mandillo et al. ([@b30-0040686]) and on the Empress database (<http://empress.har.mrc.ac.uk>). For the *SOD1^G93Adl^* B6 analysis, male and female wild-type and transgenic littermates were tested at 22 weeks of age (wild-type littermates: 8 females, 12 males; *SOD1^G93Adl^* B6: 7 females, 6 males). For the analysis of 29-week-old mice, only males were used (8 wild-type littermates, 7 *SOD1^G93Adl^* B6). For the *SOD1^G93A^* high-copy analysis, only male mice on a hybrid C57BL/6J-SJL/J background were used at two time points: 95 days (7 wild-type littermates, 8 *SOD1^G93Adl^*) and 120 days (4 wild-type littermates, 6 *SOD1^G93Adl^*).

*SOD1^G93Adl^* B6 mice were subject to an accelerating rotarod (Ugo Basile) paradigm three times per day, three times a week every 2 weeks from 13 to 33 weeks of age. The apparatus was set to increase speed from 4 to 38 revolutions per minute (rpm) in 5 minutes; mice staying for 5 minutes were scored the maximum 300 seconds. The average of all sessions per week was used per animal to obtain means per genotype for every time point. Cohort sizes for females per time point were: 13 weeks, 5 wild type and 10 *SOD1^G93Adl^*; 15 and 17 weeks, 12 wild type and 10 *SOD1^G93Adl^*; 19 weeks, 7 wild type and 5 *SOD1^G93Adl^*; 21, 23, 25, 27, 29, 31 and 33 weeks, 12 wild type and 10 *SOD1^G93Adl^*. Numbers of males used per time point were: 13 weeks, 8 wild type and 10 *SOD1^G93Adl^*; 15 and 17 weeks, 12 wild type and *SOD1^G93Adl^*; 19 weeks, 8 wild type and 10 *SOD1^G93Adl^*; 21, 23 and 25 weeks, 12 wild type and 10 *SOD1^G93Adl^*; 27 weeks, 8 wild type and 10 *SOD1^G93Adl^*; 29 weeks, 12 wild type and 5 *SOD1^G93Adl^*; 31 weeks, 12 wild type and 10 *SOD1^G93Adl^*; 33 weeks: 8 wild type and 10 *SOD1^G93Adl^*.

Physiological assessment of muscle function and motor unit number
-----------------------------------------------------------------

For the physiological assessment of muscle function and motor unit survival, male wild-type and *SOD1^G93Adl^* B6 mice were examined at various stages of disease progression: 22 weeks (*n*=5, both genotypes) and 24 weeks (*n*=5, both genotypes) representing a presymptomatic and disease-onset stage, respectively, and 34 weeks, representing the late disease phase (*n*=10, both genotypes). Note that these were not littermates. The mice were deeply anaesthetised (4.5% chloral hydrate; 1 ml/100 g of body weight, intraperitoneally) and prepared for in vivo analysis of isometric muscle force. The distal tendons of the TA, EDL and soleus muscles in both hindlimbs were dissected free and attached by silk thread to isometric force transducers (Dynamometer UFI Devices, Welwyn Garden City, UK). The sciatic nerve was exposed and sectioned. The length of the muscles was adjusted for maximum twitch tension and the muscle and nerves were kept moist with saline throughout the recordings. All experiments were carried out at room temperature (23°C). Isometric contractions were elicited by stimulating the nerve to the TA, EDL or soleus using square-wave pulses of 0.02 milliseconds duration at supra-maximal intensity, via silver wire electrodes. Contractions were elicited by trains of stimuli at frequencies of 40, 80 and 100 Hz. The maximum tetanic tension was measured using a computer and appropriate software (Scope).

The number of motor units innervating the EDL and soleus muscles was determined by stimulating the motor nerve with stimuli of increasing intensity, resulting in stepwise increments in twitch tension due to successive recruitment of motor axons. The number of stepwise increments was counted to give an estimate of the number of functional motor units present in each muscle.

For EDL muscle, the fatigue characteristics of this normally fast, fatigable muscle were also examined. EDL muscle was stimulated at 40 Hz for 250 milliseconds every second and contractions were recorded with a pen recorder (Lectromed Multitrace 2). An FI was calculated as a measure of muscle fatigability: the decrease in tension after 3 minutes of stimulation was measured and the FI determined as initial tetanic tension/tetanic tension after 3 minutes of stimulation.

Morphological assessment of muscle and spinal cord
--------------------------------------------------

Following the physiological assessment of muscle function, the TA, EDL and soleus muscles were dissected and snap frozen in isopentane cooled in liquid nitrogen and were stored at −80°C until processing. Animals were then perfused transcardially with saline followed by fixative containing 4% paraformaldehyde (PFA). The spinal cords were then removed, postfixed in 4% PFA and cryopreserved in 30% sucrose overnight. Lumbar sections of fixed spinal cords (L2-L6) were cut on a freezing cryostat and 20-μm transverse sections were collected serially onto glass slides and subsequently stained for Nissl (gallocyanin) ([@b25-0040686]). The number of Nissl-stained large motor neurons in L3-L6 lumbar sections (40 sections in total) was established. In these experiments, five mice were analysed from each experimental group.

Frozen muscle samples of TA muscles were cut on a cryostat at 12 μm. Serial cross-sections were collected on glass slides and stained for succinate dehydrogenase (SDH) activity to determine the oxidative capacity of the muscle fibres, as described previously ([@b6-0040686]; [@b7-0040686]).

Immunohistochemical detection of misfolded SOD1 and activated glia
------------------------------------------------------------------

The lumbar region of fixed spinal cords (L2-L6) were cut on a freezing cryostat and 10-μm transverse sections were collected serially onto glass slides. Sections were stored at −20°C until further analysis. Immunohistochemistry using diaminobenzidine (DAB) reaction was carried out for misfolded SOD1 (polyclonal rabbit SEDI antibody; kind gift of Janice Robertson, University of Toronto, Canada; used at 1:500), whereas astroglial and microglial reactions were visualised by immunofluorescence for GFAP (Cy-conjugated mouse monoclonal, Sigma; used at 1:1000) and IBA1 (rabbit polyclonal, Abcam; used at 1:500), respectively. In order to visualise neighbouring neuronal cells, a double labelling of sections was also carried out for the presence of βIII-tubulin, a neuronal marker (mouse monoclonal antibody by Covance; 1:1000).

### Horseradish peroxidase reaction and DAB labelling

Sections were washed in PBS 0.1% Triton X-100 plus 3% H~2~O~2~ to block endogenous peroxides followed by a 1-hour incubation in a blocking solution: PBS containing 5% milk proteins and 3% normal goat serum. Sections were incubated at 4°C overnight in antibody solutions made up in blocking solution. A negative control slide was also prepared in which the primary antibody was omitted; these sections were incubated in blocking solution overnight. The next day, DAB-labelled sections were washed three times in PBS, and then incubated in secondary goat anti-rabbit antibody conjugated to biotin (Vector Laboratories; 1:100) for 2 hours at room temperature. Following a further three washes in PBS, the sections were incubated for 1 hour in avidin-biotin complex (Vector ABC kit). DAB (3,3′-diaminobenzidine solution; SIGMA, fast DAB) was used as a substrate to develop specific staining. Sections were then stained for Nissl (gallocyanin) to reveal Nissl-positive cells as a counterstain and the sections were then mounted using Dpx mounting media.

###### TRANSLATIONAL IMPACT

#### Background

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease that usually strikes in mid-life, typically resulting in death 3--5 years after diagnosis. During the disease course, motor neurons that control movement die, leaving patients entirely paralysed but usually with intellect intact. There are no effective treatments for this disorder. Approximately 10% of ALS cases are genetic, usually autosomal dominant, and the main causative gene is superoxide dismutase 1 (*SOD1*). Other causative genes that affect fewer patients include *TDP43*, *FUS* and *OPTN*. Several strains of mutant human *SOD1* transgenic mice successfully model human ALS. The first and most widely used model is the *SOD1^G93A^* mouse, which has ∼25 copies of the mutant transgene. This mouse has been invaluable for ALS research, but dies before 5 months of age owing to a highly aggressive motor neuron degenerative disease. In addition, it is thought that some aspects of its phenotype result from the massive overexpression of SOD1 protein per se. A spontaneous deletion resulted in a second mouse strain derived from the high-copy *SOD1^G93A^* transgenic mouse. This *SOD1^G93Adl^* strain carries eight to ten copies of the transgene and has a slower course of disease -- end-stage is reached by about 34 weeks, depending on genetic background -- which might make this a better model for studying the early stages of ALS pathology.

#### Results

In this paper, the authors set out to further characterise *SOD1^G93Adl^* mice, and to determine the effects of disease on nerve and muscle physiology. They find that genetic background and gender affect the phenotype, including the time to humane endpoint. Of the five backgrounds tested, the C57BL/6J mouse strain delayed disease onset. They introduce a new test for *SOD1* transgenic mouse models, the startle-response, which is aberrant in these animals, although this is not due to hearing impairment. The authors also carry out a detailed assessment of muscle function and motor neuron pathology over time in these animals, and show the deposition of SOD1 protein, although no colocalisation with TDP43 is detected. Importantly, disease progression in these animals is comparable to the progression of ALS observed in humans.

#### Implications and future directions

As with most mouse models of human disease, no single model is ideal for all studies. In the case of ALS models, the more commonly studied high-copy *SOD1^G93A^* strain is considerably less expensive to maintain until end-stage than are the other models, which is one important reason why it is widely used. It has also been useful for studying late-stage ALS and for crossing to other mouse strains to identify disease-modifying loci. However, the low-copy *SOD1^G93Adl^* strain provides a superior system for studying the cellular and molecular pathology of early-stage disease, when treatments will be most valuable, and for testing novel therapies. The results of this study provide important physiological and genetic baseline data on this useful animal model of ALS and support the idea that this model should be used more widely.

### Immunofluorescence for dual staining

Sections to be stained for IBA1 and tubulin immunofluorescence were blocked, and primary antibodies were applied overnight. The following day sections were incubated with a secondary anti-rabbit antibody conjugated to Alexa Fluor 568 (Molecular Probes) to develop IBA1 staining and also with an anti-mouse Alexa-Fluor-488 secondary antibody (Molecular Probes; 1:100) to develop staining for β-tubulin. GFAP- and β-tubulin-stained sections were first processed for β-tubulin immunoreactivity using the same secondary antibody (anti-mouse Alexa-Fluor-488 secondary antibody by Molecular Probes) as above and subsequently co-stained for a directly fluorolabelled anti-GFAP antibody (Sigma; 1:1000).

Immunogold labelling TEM
------------------------

Whole spinal cords from three wild-type and three *SOD1^G93Adl^* B6 end-stage (39 weeks of age) littermates were initially fixed in 4% (w/v) formaldehyde/0.1% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Lumbar regions of the spinal cords were subsequently dissected out, thoroughly rinsed in buffer, dehydrated in an ethanol series and embedded in Unicryl resin (British BioCell International, Cardiff, UK), all at 4°C throughout, as previously described ([@b63-0040686]; [@b64-0040686]). Thin sections were cut and immunogold labelled by established procedures ([@b63-0040686]; [@b64-0040686]). Rabbit polyclonal antibodies raised against human SOD1 (Santa Cruz Biotechnology) and TDP43 (ProteinTech Group, Chicago, IL) were used at 1 μg and 2 μg/ml IgG final concentrations, respectively. 10-nm gold-particle-conjugated goat anti-rabbit IgG secondary probe was obtained from British BioCell International (Cardiff, UK). Immunogold-labelled sections were post-stained in 2% (w/v) aqueous, 0.22 μm-filtered uranyl acetate for 1 hour. They were then systematically and thoroughly scanned for pathology in a Hitachi-7100 transmission electron microscope at 100 kV and images acquired with an axially mounted (2K×2K pixel) Gatan Ultrascan 1000 CCD camera (Gatan UK, Oxford, UK).

Statistical analysis
--------------------

Log-rank analysis was used to compare age at onset of SHIRPA endophenotypes between all lines. An ANOVA test was used to compare wild-type with *SOD1^G93Adl^* cohorts per time point for rotarod, grip-strength and startle-response analysis. The Mann-Whitney test was used to compare two groups: either wild-type with *SOD1^G93Adl^* cohorts, as well as lower versus higher number of surviving motor units innervating hindlimb muscles. For the statistical analysis of motor neuron survival and muscle force measurements, the Mann-Whitney *U* test was employed. Two-tailed tests were used in all instances and significance level was set at *P*\<0.05.
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